I review the recent theoretical progress on the study of tree-level semileptonic b → c decays. After briefly reviewing the latest developments on the exclusive determinations of |V cb |, I discuss the hints on lepton flavor universality violation in B → D ( * ) ν decays. Particular emphasis is given to the implications of these anomalies and to the possibilities to experimentally test the proposed New Physics explanations.
Introduction
Tree-level semileptonic decays of mesons provide a straightforward way to extract the moduli of several CKM matrix elements, which can then be used to test the CKM matrix unitarity. In the last decade, precision studies of semileptonic B-meson decays have been made possible by the the large samples of B-mesons collected at the B-factories (BaBar and Belle) and at LHCb. At the same time, we witnessed a considerable progress in numerical simulations of QCD on the lattice (LQCD), which nowadays allow us to attain a percent level precision for certain hadronic quantities. For these reasons, semileptonic B decays offer a very promising route to search for the effects of New Physics (NP).
One of the most intriguing results from the B-factories and LHC is the indication of lepton flavor universality (LFU) violation, observed in both tree-level and loop-induced semileptonic B-decays. The B-physics experiments observed a departure from the SM in the tree-level processes, i.e. those mediated by the charged currents, namely,
which turned out to be ≈ 2 − 3 σ above the SM predictions [1] [2] [3] [4] [5] [6] [7] . When combined in the same fit, these results amount to a discrepancy with respect to the SM at the ≈ 4 σ level [8] . This observation is corroborated by the first measurement of the ratio R J/Ψ = B(B c → J/Ψτν)/B(B c → J/Ψlν) [9] , which also appears to be larger than the SM estimates [10] . Another intriguing indication of LFU violation appeared in loop-induced processes, , (
measured by LHCb in different q 2 -bins below the cc resonances [11, 12] . The obtained values appear to be ≈ 2.5 σ below the SM predictions [13, 14] , amounting to a combined discrepancy at the ≈ 4σ level. Both types of ratios are defined in such a way that the CKM matrix element dependence and most of the hadronic uncertainties cancel-out, which makes then rather clean observables. Therefore, if confirmed with more data, they will represent a very clear indication of NP.
In the following we will focus on two issues that recently attracted the attention of the theory community: (i) the extraction of |V cb | from B → D * lν decays, and (ii) the abovementioned hints of LFU violation in charged-current processes. 1 
Exclusive determinations of |V cb |: latest developments
The CKM matrix element |V cb | is a free parameter of the SM that plays an important role in the unitarity triangle analysis and in the prediction of flavor changing neutral 1 The reader is referred to other talks of the same conference for a discussion of the LFU anomalies in neutral currents [15] .
currents [16, 17] . Its value is extracted by confronting the experimental results for the processes based on the transition b → clν with their SM predictions. Surprisingly, the values determined by using inclusive and exclusive B-meson decays show a discrepancy that only grew with time. The current averages quoted by HFLAV are [8] [20, 21] and then extract their shapes from the experimental angular distributions of B → D * (→ Dπ)lν, by using a convenient parameterization. The parameterization considered by the experimental collaborations is the one proposed by Caprini, Lellouch and Neubert (CLN) [22] , which suggests
is the relative velocities of the initial and final state mesons, and z = (
. This parameterization is based on two approximations:
(i) The shape of the form factor h A 1 (w), which corresponds to the Isgur-Wise function in the heavy-quark limit, is truncanted after the quadratic term in w − 1. Unitarity and analyticity are then used to express the shape parameters in Eq. (2.4) in terms of a single parameter ρ, the slope of the Isgur-Wise function, cf. Ref. [22] [23] [24] ;
(ii) The ratios R 1,2 (w) between other form factors and h A 1 (w) are also parameterized by a power expansion around zero-recoil values (w = 1), with their respective shapes and curvatures fixed to phenomenologically plausible values with no error bars. 
, where q 2 = (p − k) 2 is the dilepton squared mass. Moreover, the scalar and pseudoscalar form factors, f 0 (q 2 ) and A 0 (q 2 ), only contribute significantly to B → D ( * ) τν. 3 It is worth to stress that the accuracy of the approximation in Eq. (2.5) and (2.6) was estimated to be better than 2% in Ref. [23] . The uncertainty associated to the shape parameters, negligible at the time, are now important and need to be included in experimental analyses, cf. discussion below on the BGL parameterization.
The overall normalization [h A 1 (1)] is then determined on the lattice [20, 21] , while the three remaining parameters in (2.4)-(2.6), namely ρ and R 1,2 (1), are extracted from the B → D * lν data, cf. e.g. Ref. [8] .
Recently, the published unfolded B → D * lν distributions by Belle [25] allowed theorists to perform their own extraction of |V cb | excl. by using slightly different parameterizations. The authors of Refs. [26, 27] independently concluded that the obtained value of |V cb | excl. is parameterization dependent. The main difference is that these new authors considered the slopes and curvatures of R 1,2 (w) free parameters to be fixed from the fit with data, following a proposal by Boyd, Grinstein and Lebed (BGL) [24] . The results obtained with both parameterizations read [26, 27] 
Interestingly, the values obtained with BGL are closer to the inclusive value. 4 While the BGL parameterization seems to be more attractive, since it does not rely on HQET relations, we still cannot conclude that one parameterization is better than another. Both fits provide an equally good description of current data. For that reason, we still need to wait for LQCD and Belle-II data at small-recoil values to finally solve the V cb problem.
Lepton flavor universality violation: R D and R D *

Current status
We shall now discuss the hints of lepton flavor universality in tree-level (chargedcurrent) B-decays, which are independent of the above discussion since h A 1 (1)|V cb | cancel out in these observables. The experimental averages of the LFUV ratios R D ( * ) are given by [8] 
to be compared with the SM predictions R SM D = 0.299(7) [18, 19] and R SM D * = 0.257(3) [29] , which are respectively ≈ 2 σ and ≈ 3 σ larger than the experimental values given above. 5 As anticipated in the introduction, the main advantage of using ratios as in the equations above is that many hadronic uncertainties actually cancel, providing theoretically clean observables. Nonetheless, there are still residual hadronic uncertainties that must be carefully estimated. An important ingredient in the computation of R D ( * ) is that the τ-lepton mass is not negligible in comparison to m B . Therefore, the (pseudo)scalar form factors, which do not contribute to the rates with light leptons, are needed to reliably predict these quantities. In the case of R D both scalar, f 0 (q 2 ), and vector, f + (q 2 ), form factors have been computed on the lattice in the region of large q 2 by two different collaborations [18, 19] . Extrapolation to q 2 = 0 is highly constrained by the relation f 0 (0) = f + (0). The situation is slightly less favorable in the case of R D * since the needed form factors are not yet available from LQCD simulations at nonzero recoils. The strategy adopted is to extract the leading form factors from B → D * lν, as explained in Sec. 2. The remaining pseudoscalar form factor, A 0 (q 2 ), which cannot be extracted from data is then obtained by considerations based on HQET with generous error bars [29, 32] . The overall agreement in the literature is that the large departures from the SM cannot be explained by only relying on underestimated hadronic uncertainties. This conclusion is mostly based on the fact that the (unknown) A 0 (q 2 ) form factor gives a numerically small contribution to R D * but still not negligible. It goes without saying that its computation on the lattice would be very welcome. Finally, it is worth mentioning that another potential source of uncertainty comes from the soft-photon radiation, which have been partially estimated in Ref. [33] .
Effective field theory description
In the following, we will assume that the R D ( * ) anomalies are due to NP and we will discuss their implications. The transition b → c ν (with = e, µ, τ) can be generically described at low-energies by the following effective Lagrangian, at dimension-6, 2), tell us that g V R cannot break LFU at dimension-6. This coefficient can only be generated by the LFU conserving operator O Hu = H † i ← → D µ H ū pR γ µ u rR , being irrelevant for the following discussion [36] [37] [38] . The other Wilson coefficients have a one-to-one correspondence to the basis given above.
To identify the allowed combination of Wilson coefficients at µ = m b , one should perform a fit to the experimental values in Eq. (1.1). Our working assumption will be that the NP couplings to light leptons are negligble, as suggested by current flavor data. The compact expressions for these observable are then given by [39] and g τ T , i.e. the effective couplings to light leptons is negligible [39] .
, and the coefficients a D i and a D * i are collected in Table 1 to 1σ accuracy. Other viable solutions, which are not in the (current)×(current) form, are not only possible but also well motivated by concrete NP scenarios, as we will discuss in Sec. 3.3. The possibility of considering (pseudo)scalar operators (i.e. only g S L(R) = 0) was considered in the past, but it has been recently shown that such a scenario containing is in strong tension with the B c -meson lifetime constraint [40, 41] . More specifically, the pseudoscalar interactions lift the helicity suppression of the SM rate for
where f B c = 427(6) MeV is the B c -meson decay constant [42] . The current experimental value for τ B c = 0.507(9) ps [43] allows us to set a conservative limit of 30% on B(B c → τν) [40] , which can then be translated onto the 1 σ bound, g τ P (µ = m b ) ∈ (−1.14, 0.68), where we have used |V cb | = 0.0417 (20) [26, 27] . 6 This constraint is illustrated in the left panel of Fig. 1 , where it can be seen that an explanation of R D ( * ) via only (pseudo)scalar operators is ruled out. Scenarios providing a good fit to R D ( * ) , while avoiding the B c -lifetime constraint, can be obtained by using a different set of operators. For instance, a scenario containing only g S L and g T can provide a good description of current data, as illustrated in the right panel of Fig. 1 . This combination of Wilson coefficient is well motivated by scenarios containing leptoquark bosons which predict certain correlations between g S L and g T . Furthermore, it is known that a non-negligible mixing of g T into g S L is induced via electroweak quantum corrections [45] , cf. also Ref. [39] . Finally, note that viable scenarios with complex Wilson coefficients have also been considered in the literature, providing an equally good fit to the experimental results Ref. [47] [48] [49] [50] . 6 Alternatively, one could consider the less conservative limit B(B c → τν) 10% as proposed in Ref. [44] .
By using this constraint instead, the bound would become g τ P ∈ (−0.76, 0.30) to 1 σ accuracy. 
Concrete New Physics scenarios
Several concrete models of NP can generate the viable Wilson coefficients discussed above. These scenarios require new bosonic degrees of freedom at the TeV scale [51] with tree-level contributions to the transition b → cτν. The main challenge is to comply with nontrivial constraints coming flavor physics observables, electroweak precision tests [52] [53] [54] and the direct searches at the LHC [55] . The proposed mediators can be (i) a charged Higgs, (ii) colorless vector bosons (W ), and (iii) scalar or vector leptoquarks (LQ). Scenarios with charged Higgs boson cannot accommodate R D ( * ) due to the B c -lifetime constraint discussed above, cf. Fig. 1 . On the other hand, W models have difficulties to evade nontrivial LHC constraints on di-tau production [55] [56] [57] . 7 The only minimalistic scenarios capable of explaining R exp D ( * ) while satisfying other existing constraints are LQs. In Table 2 we list the LQ states that can contribute to b → cτν in terms of their SM quantum numbers, (SU(3) c , SU(2) L ,Y ), with Q = Y + T 3 [60] . From this Table we learn that very few possibilities are still viable:
• The scalar LQ S 1 = (3, 1, 1/3) generates, at the matching scale, the effective coefficients C
q and C
(1)
equ , which induce nonzero values of g V L and g S L ≈ −8.1 g T at µ = m b , after accounting for RGE effects. Both of these Wilson coefficients can accommodate for R D ( * ) , as discussed in Sec. 3.2. See also Ref. [47, 49, 61, 62] . 7 These constraints can be avoided by considering a W with couplings to right-handed neutrinos [58] .
However, in that case the interference term with the SM rate is not present, requiring rather large NP couplings. See also Ref. [59] for a similar proposal with scalar LQs.
• The scalar LQ R 2 = (3, 2, 7/6) produces C
equ , which implies g S L ≈ 8.1 g T at µ = m b . Note that this particularl correlation of scalar and tensor coefficients lies outside of the allowed regions in Fig. 1 , where only real coefficients were considered. However, this problem can be overcome by considering complex Wilson coefficients [47] [48] [49] [50] .
• The vector LQ U 1 = (3, 1, 2/3) induces C (3) q , which implies nonzero values of g V L and g S R [57] .
Note that some of the models which predict g V L in Table 2 cannot accommodate R D ( * ) , as shown in Table 2 . This is the case because g τ V L is constrained to be negative in these scenarios, providing an interference term with the wrong sign for R D ( * ) , cf. Eq. (3.5) [63] . Furthermore, a peculiarity of the viable models listed above is a different pattern of effective operators which imply very distinctive phenomenological consequences, as we will discuss in Section 3.4.
Finally, a natural question is if the hint of New Physics in R exp
can be simultaneously explained by the same NP scenario. Building such a model turns out be a very challenging task. The only mediator that can account for both anomalies at tree-level is the vector LQ U 1 [57] . The problem in this case is that a resulting model is nonrenormalible and an explicit UV-completion needs to be specified. This issue has been addressed in a series of papers with gauged models [64] [65] [66] [67] [68] . A far more minimalistic approach, in terms of number of parameters, is to consider models containing two scalar LQs. These particles could arise, for instance, from SU(5) GUT [50] or composite Higgs models [62] . [63] . See text for details. which turns out to be again ≈ 2σ larger than the SM estimate, R SM J/ψ = 0.23 (1) , obtained by combining LQCD and QCD sum rules results [10] . These independent measurements can be useful not only to corroborate/refute the excess found on R D ( * ) , but also to provide a complementary information about the underlying NP structure. For instance, as discussed in Sec. 3.2, contributions in the form of (current)×(current) operators predict the following equality,
Phenomenological implications
for all decay modes based on the same transition. On the other hand, scalar and/or tensor operators induce a distinct correlation between P → P and P → V decays, where P ( ) and V denote generic pseudoscalar and vector mesons, respectively. Another possibility proposed in the literature is to consider the angular observables of the decay B → D * (→ Dπ)τν, which have different sensitivities to the operators in Eq. (3.2) [69, 70] . Note, in particular, that a first measurement of the τ-lepton polarization asymmetry in B → D * τν has been made by Belle, with large error bars [5] . This observable is particularly sensitive to pseudoscalar and tensor contributions, but it is unaffected by interaction of the type (V − A) × (V − A) [71] .
These semileptonic observables described above offer an alternative test to the enhancement in R D ( * ) , without any assumption regarding the underlying NP structure. Model independent tests can also be obtained by using purely leptonic observables. As already anticipated in Sec. 3.2, the interactions responsibles for the anomalies in R D ( * ) must respect SU(2) L × U(1) Y gauge invariance. Writing the operators as in Eq. (3.3) at a scale µ O(v EW ) opens up the possibility to study the impact of electroweak corrections within an effective field theory context. It has been shown in Ref. [52] [53] [54] that the operators generating the (current)×(current) contributions to R D ( * ) also induce sizable corrections to the Z-pole observables and to LFU tests in τ-decays. On the other hand, the operators generating (pseudo)scalar and tensor contributions have the peculiarity of inducing chirality-enhanced contributions to B(h → ττ) and to the τ-lepton anomalous magnetic moment, respectively, without inducing any sizable modification to the Z-pole observables and LFU tests in τ-decays [39] . The ongoing experimental effort at Belle-II and LHC will offer the opportunity to check for an additional enhancement in these observables. Finally, model-dependent predictions can also be obtained once a specific scenario is chosen. These include the signals at the LHC [55] and many other flavor observables, such as lepton flavor violating decays, cf. e.g. Ref. [72] [73] [74] . I refer the reader to other talks presented at this conference in which these aspects have been covered in greater detail [15] .
Summary and perspectives
In this overview we discussed the recent theoretical progress on the study of semileptonic B-meson decays. The focus of our discussion was (i) the dependence of the extraction of |V cb | from B → D * lν decays on the parameterization of the underlying form factors, and (ii) the possible interpretations of the very intriguing hints of LFU in charged currents:
• While the recent reanalysis of B → D * lν data from Belle pointed out underestimated systematic uncertainties in the extraction of |V cb | excl. [26, 27] , the V cb puzzle still remains since both form-factor parameterizations provide an equally good description of current data. The solution to this puzzle will come in the future with Belle-II and with LQCD data on the slope of the form-factors near zero recoil.
• After summarizing the status of SM predictions, we discussed the implications of the LFU violation observed in R D ( * ) . By using an effective field theory description we argued that the operator of type (V − A) × (V − A) and the tensor one can accommodate current discrepancies, while the purely scalar ones cannot. These scenarios can be experimentally tested (i) by measuring similar LFU ratios based on the same quark transition, (ii) by studying the angular asymmetries of B → D ( * ) τν decays, and (iii) by studying purely leptonic observables, which are related to the LFU breaking effects via RGE effects. We have also argued that LQ bosons are the best candidates to explain these anomalies and we summarized the viable proposals made in the literature.
